The slow strain rate tests were conducted on cold-worked Alloy 600 at a nominal strain rate 1 © 10 ¹6 s ¹1 in air and in a simulated BWR coolant environment. The dynamic strain aging phenomenon at 200°C, 250°C, 275°C and 300°C was studied. The jerky flows of small and large serration amplitude observed on the stress-strain curves were respectively categorized as type B and D serrations. The serrated flow is more significant for those specimens with lower cold work levels tested at higher temperatures than those with higher cold work levels tested at lower temperatures. For the cold-rolled SSRT specimens tested in the 200°C water environment, the largest reduction of area along with the smallest elongation was observed. It could be accounted for by the localized deformation induced by dynamic strain aging. The strain hardening exponent generally increases with increasing the test temperature and decreases with an increase of the cold work level.
Introduction
Inconel 600, a substitutional nickel-base alloy, has been widely used for the components of boiling water reactors (BWRs) and pressurized water reactors (PWRs) in high temperature and high pressure water environments thanks to its excellent mechanical properties and high temperature corrosion resistance. However, after decades of operation, SCC incidences have been observed with the steam generator tubes and reactor pressure vessel head penetrations made of Alloy 600. In recent years, studies on dynamic strain aging (DSA) phenomena have been mainly focused on the austenitic stainless steels, particularly on SS 316L stainless steel, 13) some on nickel-base alloys.
48) The DSA model, 9) solute dragging model, was first proposed by Cottrell. The solute atoms diffuse to the perimeter of the mobile dislocations and form solute atmospheres to drag down the moving dislocations when the velocity of dislocations approximately equals to that of solute atoms in the stress field of dislocations. The dragged dislocations require larger force to break themselves away from the solute atmospheres. The repetitions of dragging down and breaking away of the dislocations induce the serrated flow on the stressstrain curve. There are other manifestations, such as work hardening, negative strain rate sensitivity, lower elongation and localized deformation, for occurrence of DSA in the appropriate region of temperature and strain rate.
1012) The occurrence of DSA depends on material chemical composition, grain size, test temperature, strain rate, and prior deformation. No work on the DSA of Ni-base alloy tested in water has been reported. It is of academic and technical interest to study the dynamic strain aging phenomenon of Alloy 600 in an oxygenated water environment. This work was to study the DSA behavior of the cold-rolled Alloy 600 in an oxygenated water environment at elevated temperatures ranging from 200°C to 300°C. Alloy 600 cold worked to three different levels was employed to investigate the effect of dislocation density on the phenomena of DSA, and the effect of DSA on the deformation behavior of Alloy 600 in an oxygenated water environment. These results may help better understand the degradation mechanism of the reactor components in BWR coolant environments.
Experimental Procedures

Sample preparation
Forged Alloy 600 manufactured by Bodycote plc was tested for a study of the DSA behavior of Alloy 600. Their chemical compositions and mechanical properties are given in Tables 1 and 2 , respectively. Three cold work levels, 10%, 20% and 30%, were obtained by multi-pass cold rolling along the uni-axial direction.
Microstructure analysis
In order to reveal microstructure, optical metallographic (OM) examinations were carried out on the as-received and cold-worked specimens. The metallographic specimens were sampled from the middle of the cold-worked specimens and prepared following the standard metallographic preparation procedures. The polished specimens were electrolytically etched by using 70% phosphoric acid (H 3 PO 4 ) at 6.0 V for about 10 s at room temperature. For carbide precipitate examinations, the polished specimen was etched by 5% oxalic acid at 6.0 V for about 3 s at room temperature. The carbide precipitates were further examined by a scanning electron microscope (SEM) and an electron probe microanalyzer (EPMA), to identify the carbide composition and distribution.
2.3
Hardness measurement for the cold-worked specimens The Vickers microhardness measurements were conducted across the thickness of the cold-worked specimens at a dead weight of 1 kg on the etched metallographic specimens. A comparison was made between the carbide band and noncarbide band regions of the cold-worked specimens.
Slow strain rate tensile (SSRT) test
The configurations and dimensions of the slow strain rate specimens tested in water are shown in Fig. 1 . The slow strain rate tests were conducted in a closed-loop, servoelectric machine with an integrated water circulation loop to simulate a BWR water environment under displacement control at a nominal strain rate 1 © 10 ¹6 s ¹1 . The load was measured by using a load cell inside the autoclave, which measured the applied load exclusive of the friction force between the pulling rod and the sealing material. The oxygen level in the water environment was maintained in a range of 6 to 8 wppm. The conditions of the water environment are summarized in Table 3 . Prior to testing, the specimens were pre-oxidized for one week in water containing 6³8 wppm of oxygen at the test temperature.
Results and Discussion
Microstructure analysis
The grain sizes of the as-received Alloy 600 specimens are not uniform. The higher the cold work level, the smaller the grain size of the Alloy 600 specimen was obtained, as shown in Fig. 2 . L, T, and S stand for the plane with its normal perpendicular or parallel to the rolling direction respectively, as specified in Fig. 2 . The grain size distributions of the Alloy 600 specimens subjected to different cold work levels are summarized in Fig. 3 . The maximum and minimum grain sizes in each plane (L, T, and S) are also specified. The 30% cold-worked Alloy 600 shows the smallest grain size and also the slightest variation. These results have been further confirmed by the EBSD examination and shown in Fig. 4 . The crystal orientation distribution map identifies the grains in different orientations with different colors. The matrix phase is the Ni £ phase, fcc phase. The constituent carbide UTS* = ultimate tensile stress YS** = yield stress TE*** = total elongation UE**** = uniform elongation Dynamic Strain Aging Behavior of Alloy 600 in a High Temperature Coolant Environmentphases, Cr 23 C 6 and Cr 7 C 3 , could hardly be identified by EBSD, whose phase ratios are lower than 1%. However, the carbides in the 20% cold-worked specimen could be clearly distinguished by EPMA color mapping analysis, shown in Fig. 5 . The precipitates are mainly composed of Cr 23 C 6 . The question is if the recrystallization of Alloy 600 could occur at temperatures as low as observed with this work, around 50°C. A hypothesis is proposed to account for the observation of the smaller grain sizes with the specimens of higher cold work levels. Alloy 600 with high stacking fault energy 12) would facilitate the cross slip of dislocations when deformed. A synergy of cross slip and plastic deformation induced during the cold work process would prompt dynamic recrystallization 13) to occur in Alloy 600 specimens at a lower temperature. While specimens are cold worked, dislocations are generated with plastic deformation and the induced strain energy is concurrently expended to enhance cross slip of dislocations. The dynamic recrystallization occurred during the rolling process, which is different from the static recrystallization caused by heat treatment. The carbide precipitate bands in the cold-worked specimens were observed to be parallel to the cold roll direction, as exemplified in Fig. 6 . For the 10% CW specimen, the carbide bands could be clearly observed along the fine grains. For the 20% and 30% CW specimens, the carbide bands became diffuse and the precipitates evenly distributed in the base metal. The areal fraction of carbide band for the 10% CW specimen calculated from the image analysis results is about 23.3%, which is the ratio of the carbide band area, i.e. small grain area, to the total observation area. Those for the 20% and 30% CW specimens are in the same range with an average of 85.7%. But the grain size for 30% CW is smaller than that for 20% CW. The smaller the grain size, the greater number of carbide precipitates was observed, because most of the carbides precipitated along grain boundaries. The precipitation of carbides could be assisted by plastic deformation. 1416) There was no carbide band observed for the as-received Alloy 600.
Hardness measurement for cold-worked Alloy 600
The Vickers microhardness distribution across the short transverse of Alloy 600 is shown in Fig. 7 . The hardness measurements for the carbide band region, i.e. small grain size region, are higher than those for the non-carbide band region, as illustrated in Fig. 7 and Table 4 . The higher the cold work level, the more uniform hardness was observed. The 10% cold-worked specimen shows the largest hardness difference between the carbide and non-carbide region. Figure 8 shows the typical stress-strain curves for the Alloy 600 cold worked to different levels tested at 300°C in water and in air. Jerky flow was clearly observed on all the stress-strain curves. The data points from yield point to ultimate tensile strength (UTS) can be fitted by the equation · = K ¾ n , where · is the true stress, ¾ the true strain, n the strain hardening exponent, K the strength coefficient. The strain hardening exponents for cold-worked Alloy 600 specimens tested in water and air are plotted against test temperatures in Fig. 9 . The strain hardening exponent can be recognized as the ability for materials to resist further deformation.
Slow strain rate tensile (SSRT) test
17) The magnitude of the strain hardening coefficient reflects the ability of the material to resist further deformation. N = 1 represents ideally elastic; n = 0 ideally plastic materials. At the same cold work level, the exponent for the specimen tested in water is higher than that obtained in air. The strain hardening exponent generally increases with increasing the test temperature and decreases with increasing the cold work level of Alloy 600. At higher test temperatures, solute atoms with higher mobility have stronger interaction with dislocations to induce dynamic strain aging, so the ability for materials to resist further deformation is higher than that at lower test temperatures. The effect of temperature on the strain hardening exponent has been reported. 18) The lightly cold-worked Alloy 600 leaves more room for multiplication of dislocations during testing. So far, the authors don't have good arguments to explain why the strain hardening exponent for the specimen tested in water is higher than that in air. More research is needed to study this issue. The elongation and reduction of area against the test temperature for the tests in water are shown in Fig. 10 . It is interesting to note that the specimens tested in water at 200°C show the smallest elongation but the largest reduction of area. The stress-strain curves for the tests in 200°C water environment are given Fig. 11 . It cannot reason out why the elongation tested at 200°C is small but with high reduction of area. That could possibly be accounted for by the localized deformation induced by DSA. The necking mainly occurred at the localized area, but contributed little to the total elongation. The jerky flow features of the stressstrain curves for the specimens tested in water and air are summarized in Fig. 12 . There is no significant difference between the jerky flow features tested in water and air. The jerky flow features including small and large load drops on the stress-strain curve are further illustrated in Fig. 13 . The small jerky flow is the so-called type B serration and the large one type D serration. 19, 20) The type B jerky flow of fine serrations could be a result of the interaction of dislocations with clustered solute atoms. The large load drop in 10% coldworked specimens occurs in a more frequent and periodical manner relative to the 20% and 30% cold-worked specimens tested in water and air environments. In particular, the 30% cold-worked specimens showed little or no large load drop in both water and air. These phenomena could be accounted for by a schematic illustration shown in Fig. 14 . For the 10% cold-worked specimens with a low density of dislocation tangles, the solute atoms were evenly distributed in the matrix. During the SSRT tests, dislocations passed by the clustered solute atoms, which resulted in small amplitude stress response caused by the interaction between the solute atoms and dislocations. The large load drop was observed when dislocations kept moving away from the clustered solute atoms into a block free zone. The higher force would be needed when the dislocations came across the next clustered solute atoms. The 20% cold-worked specimens had a higher density of dislocations but less clustered solute atoms because plastic deformation induced carbide precipitation. 1416, 21, 22) The higher the cold work levels, the more the dislocations were produced. The carbides preferably precipitated with assistance of strain energy around the dislocations. The carbide bands became prevalent in the heavily cold worked alloy, thus decreasing the number of solute atoms available for the interaction with dislocations in the matrix. When the multiplied dislocations induced by cold work went through the less clustered solute atoms, the large load drop became less frequent compared to those of 10% cold worked specimens. Furthermore, the 30% cold work had a highest density of dislocation tangles, which was due to dislocation multiplication induced by cold work. Therefore there was little or no block free zone present between the dislocation tangles. Under the circumstances, the multiplied moving dislocations interacting with the solute atoms showed only small load drops, no large load drop. In addition, the large load drop would become less frequent with an increase in elongation, till disappeared, as shown in Fig. 8 . That implies the dislocations interaction effect becomes dominated when a specimen is deformed to a higher strain range. For those tested at 200°C, the amplitudes of jerky flow are smaller compared to those tested at higher temperatures. It could be reasoned that some of solute atoms lack thermal energy to diffuse to the moving dislocations at lower temperatures, the interaction between solute atoms and Fig. 7 Hardness measurements along the thickness direction for the specimens subjected to different cold work levels. (a) (b) Fig. 11 The detailed jerky flow features of cold-worked Alloy 600 tested in (a) water and (b) air.
dislocations becomes less active and the jerky flow consequently becomes less significant.
Conclusions
(1) The carbide precipitate bands in the cold-worked specimens were observed to be parallel to the cold roll direction. There was no carbide band observed with the as-received Alloy 600. The hardness of the carbide band region is higher than that measured in the noncarbide band region. (2) A synergy of cross slip and plastic deformation would prompt dynamic recrystallization to occur in the coldworked Alloy 600 specimens at a lower temperature. (3) For the cold-rolled SSRT specimens tested in the 200°C water environment, the largest reduction of area along with the smallest elongation was observed. That could be accounted for by the localized deformation induced by DSA. (4) The serration of large load drop in 10% cold-worked specimens is in a more frequent and periodical manner relative to the 20% and 30% cold-worked specimens in water and air environments. That could be accounted for by the interaction between the dislocations and clustered solutes. 
